The four proteins were identified by mass spectroscopy. The largest w150 kd species corresponds to Lingerer (Kuniyoshi et al., 2002) . Lingerer is expressed at high levels in the nervous system, imaginal discs, and gonads. It is required for viability and has been implicated in sexual behavior. The w120 kd species is CG18811-PA. Nothing is known about its function in flies; however, related proteins called Caprins have been identified in vertebrates including humans and are thought to function in cell proliferation (Grill et al., 2004) . The species migrating slightly more slowly than Orb is Rasputin (Rin) (Pazman et al., 2000) . Rin is the fly homolog of the RasGAP SH3 binding protein (G3BP), and it is thought to regulate RNA metabolism in response to Ras signaling. Finally, the smallest protein, which is the subject of this study, corresponds to the Drosophila Fragile X Mental Retardation protein (dFMRP). To confirm the association between Orb and dFMR1, with Coomassie or silver (Figure 1 ). Besides Orb, the the proteins immunoprecipitated by Orb antibodies immunoprecipitates contained a complex set of profrom ovarian extracts were probed with a monoclonal teins that were absent in the control immunoprecipiantibody against dFMR1. As shown in Figure 1B , tates. We focused our attention on four larger proteins dFMR1 is detected in the Orb immunoprecipitates. Albecause they are present in nearly the same yield as though we were able to immunoprecipitate dFMR1 with Orb (as judged by staining) and are well resolved from the dFMR1 monoclonals, we did not detect Orb. This other polypetides. The association of these four procould be due to a masking of the dFMR1 epitope by teins with Orb is RNase resistant as they are observed Orb. Alternatively, it could reflect the much greater not only when an RNase inhibitor is present, but also abundance of dFMR1 than Orb in ovaries and the fact when the immunoprecipitates are treated with RNase that only a small fraction of the ovarian dFMR1 is colo-( Figure 1A, lanes 2 and 3) or when the immunoprecipitation is done in the presence of RNase ( Figure 1A, lane 4) .
calized with Orb (see Figure 1B and below). , we looked for evidence at the tip of the germarium as well as in the dividing cysts in region 1 (Figure 2A) . By contrast, Orb is first that dFMR1 could regulate this process as well. Almost 10% of homozygous dfmr1 3 egg chambers were found detected in newly formed 16-cell cysts in region 2 of the germarium ( Figure 2B ). In these cysts, Orb is preferto contain presumptive oocytes (as labeled by Orb antibody) that had polyploid oocyte nuclei ( Figure 3D ) or entially localized in a subset of cells including the presumptive oocyte. Although dFMR1 is found in all 16 two oocytes located at opposite poles ( Figures 3A and  3B ). The presence of two presumptive oocytes within cells, it is most highly concentrated in the cytoplasm of the same group of cells that contain Orb ( Figure 2C , 16-cell cysts ( Figure 3A ) and of oocyte nuclei that have not entered or progressed into meiosis suggests that arrowheads). In stage 1 egg chambers the oocyte localizes to the posterior. Orb preferentially concentrates in dfmr1 also functions in oocyte differentiation. To demonstrate that the dfmr1 mutation rather than some the oocyte while the nearby nurse cells have lower amounts of protein. dFMR1 also accumulates preferenbackground lesion is responsible for the oogenesis defects seen in dfmr1 3 females, we determined whether tially in the oocyte where it colocalizes with Orb ( Figure  2C ). However, quite high amounts of dFMR1 are also egg chambers exhibiting extra or too few germ cells are still observed when the dfmr1 3 mutation is rescued found in the nurse cells and surrounding soma. Stage 1 chambers pinch off from the germarium and continue by a dfmr1 transgene. As indicated in Table 1 , the transgene rescues both of the defects. development through 14 morphologically distinct stages during which Orb exhibits a dynamic pattern of localization (Lantz et al., 1994 Ta (Table 1 ). The inverse correlation between dfmr1 dosage and the frequency of from the fusion of two egg chambers, the presence of D-V polarity defects resulting from reduced orb activity absence of the HD19 transgene. For this purpose, we generated recombinants between dfmr1 3 and orb 343 . In indicates that dfmr1 functions to antagonize orb.
To confirm this antagonistic relationship, we tested the experiment in Table 1 more than half of the eggs laid at 18°C by females heterozygous for orb 343 had for genetic interactions between orb and dfmr1 in the (Table 1) . Data available with this article online). To investigate is present in both the germline and soma, the requirement for dfmr1 activity in regulating Orb protein levels In wild-type egg chambers, the orb autoregulatory circuit promotes the localized accumulation of high could, in principle, be in either or both tissues. To test for a germline requirement, we generated dfmr1 3 germlevels of Orb protein (Tan et al., 2001 ). To further assess the effects of dfmr1 on this autoregulatory circuit, we line clones. Figure 6 shows that dfmr1 must be present in the germline to downregulate Orb accumulation. Figplotted the Orb profile across the egg chamber. As illustrated by the profile for a wild-type stage-5 egg ure 6 also shows that the Orb overexpression phenotype in dfmr1 3 chambers can be rescued by the dfmr1 chamber in Figure 5A , Orb is highly concentrated in the oocyte while much lower levels are found in nurse cells. transgene. A plausible hypothesis is that dFMR1 controls Orb Figure 5A shows that the Orb distribution profile across a dfmr1 from HD19G orb 343 /+ females, we would expect to find that Orb expression is repressed. As predicted, both this prediction, we examined the effects of increasing or decreasing the dose of dfmr1 on Orb protein accuwhole mounts and Western blots indicate that Orb accumulation is reduced by the presence of the dfmr1 mulation in ovaries of HD19G orb 343 /+ females. We first confirmed that the level of dFMR1 protein is proportransgene ( Figure 5B ). The LacZ mRNA expressed from HD19G transgene tional to the dfmr1 gene dose. As shown in the Western blot in Figure 5B , the level of dFMR1 protein is reduced contains most of the orb 3# UTR, and like the endogenous orb mRNA, its localization and translational actiwhen the HD19G orb 343 /+ females are heterozygous for the dfmr1 3 mutation, whereas it is increased when the vation depends upon Orb (Tan et al., 2001 ). On the other hand, the HD19G mRNA does not have sequences from HD19G orb 343 /+ females carry the P(dfmr1) transgene. As would be expected from the suppression of the elsewhere in the orb message including the three potential dFMR1 binding sites. If these motifs (or other D-V polarity defects when dfmr1 3 is trans to HD19G orb 343 , the Orb levels are increased in this combination non-3# UTR sequences) are important for repression by dFMR1, then the HD19G mRNA would be expected to relative to the HD19G orb 343 /+ control. The effects of dfmr1 3 on Orb expression can be seen in both ovary respond differently to dFMR1 than the endogenous orb mRNA. To test this prediction, we examined the effects whole mounts and Western blots ( Figure 5B ). Conversely, because increasing the dose of dfmr1 enof changing the dose of dfmr1 on β-galactosidase expression in HD19G orb 343 /+ females. Whereas Orb hances the frequency of D-V polarity defects in eggs ). These orb targets differ in that osk RNA does not appear to contain potential orb 343 /+ ovaries when there are additional copies of dfmr1, it seems likely that the repressive effects of exdFMR1 recognition motifs, whereas fs(1)K10 mRNA does (see Supplemental Data). Based on our results for tra dFMR1 on β-galactosidase expression are indirect and occur because there is insufficient Orb to fully actiorb and HD19G mRNA, we anticipated that these two mRNAs would respond differently to dfmr1. This is the vate translation of the HD19G mRNA.
case. We found that dfmr1 had no apparent effect on either the localization or translation of osk mRNA as Oogenesis Defects in dfmr1 Females Are judged by whole mount in situ hybridization and Suppressed by Reducing the Dose of orb immunostaining, respectively, of homozygous dfmr1 We wondered whether there is any link between Orb mutant egg chambers (see Supplemental Data). In adoverexpression and the oogenesis defects in dfmr1 3 fedition, we did not observe any A-P axis defects in the males. Amongst the phenotypes observed in dfmr1 3 progeny of homozygous dfmr1 mutant mothers lending ovaries are egg chambers having too many or too few further support to the conclusion that proper osk mRNA germ cells. To determine if either of these phenotypes localization and translation do not require dfmr1 funcis due to excess Orb, we halved the orb gene dose. We tion. As observed for osk and orb mRNA, dfmr1 had no found that orb mutations have little if any effect on the apparent effects on either the localization or accumulafrequency of egg chambers with less than 16 germ tion of fs(1)K10 mRNA (see Supplemental Data). On the cells. As indicated in Table 1 Conversely, as would be expected from interactions, our inability to produce soluble recombinant Orb has precluded testing for direct interactions the finding that excess dFMR1 enhances the frequency of D-V polarity defects, increasing the dose of dfmr1 in vitro. In addition, it should be noted that the fact that the Orb-dFMR1 complex in ovarian extracts is RNase decreases Orb expression. Third, the effects of dfmr1 on Orb accumulation are not restricted to circumresistant does not exclude the possibility that Orb and dFMR1 coassemble into mRNPs because the two prostances in which orb autoregulation is partially compromised. It is also seen in females that are wild-type for teins recognize sequences in the same RNA species. That there must be some type of target specificity in orb. In this case, eliminating dfmr1 leads to the overexpression of Orb protein. Fourth, orb interacts genetiOrb-dFMR1 complex assembly is suggested by both Western and confocal analysis. Though dFMR1 apcally with dfmr1. Two independent orb mutations dominantly suppress the excess germ cell phenotype seen pears to be present in Orb immunoprecipitations in near molar yield, Western blots indicate that only a subin egg chambers from dfmr1 mutant females. The fact that this phenotype can be suppressed by reducing the fraction of the total dFMR1 in ovaries is in an immunoprecipitable complex with Orb. One reason for this is orb gene dose would suggest that it arises, either directly or indirectly, from the overproduction of Orb prothat all of the somatic cells in the ovary have dFMR1, whereas they do not contain Orb. However, even within tein. Fifth, while we cannot unambiguously attribute the inhibitory effects of dfmr1 on Orb expression to the parthe germline not all of the dFMR1 is associated with Orb. For example, in the germarium dFMR1 is found in ticular subfraction of the dFMR1 protein that is complexed specifically with Orb, our data indicate that stem cells and the mitotic cysts, whereas Orb isn't readily detected until the 16-cell cyst is formed. Even dfmr1 activity is required in the germline in order to regulate Orb expression. after the 16-cell cysts are formed and begin to develop, a significant fraction of the germline dFMR1 is localized Based on the pattern of Orb accumulation when dfmr1 activity is reduced, it would appear that dFMR1 in nurse cells, and with the exception of perinuclear particles, this protein does not seem to be associated is initially required to repress the translation of orb mRNAs while they are in transit from the nurse cells to with Orb. On the other hand, much of the dFMR1 protein present in the oocyte appears to be specifically the oocyte. If dFMR1 action is direct in the nurse cells, it presumably associates with orb message soon after associated with Orb. Moreover, it is in the oocyte where Orb activity is known to be required. In previtellogenic it is synthesized in the nurse cell nuclei and acts to represses translation. In this respect, it may be of interchambers, dFMR1 and Orb colocalize around the oocyte nucleus, concentrating most heavily at the posteest that we observe dFMR1-Orb particles around the edge of the nurse cell nuclei. These perinuclear parrior pole. After the onset of vitellogenesis, Orb and ticles resemble the sponge bodies that are thought to it may be significant that Orb specifically promotes the be involved in assembling newly synthesized mRNAs translation of osk mRNA localized at the posterior pole into translationally dormant mRNPs so that they can be in vitellogenic stage egg chambers. The posterior pole transported from the nurse cells to the oocyte. Aldiffers from elsewhere along the cortex in that there though dFMR1 clearly functions to block Orb expresseems to be much less dFMR1 associated with Orb. sion in nurse cells, the fact that the amount of Orb in Presumably other factors, such as Bruno and another nurse cells in the absence of dfmr1 activity is still much KH domain RNA protein, Bicaudal-C, would function in lower than it is in the oocyte argues that there must be repressing osk translation and counteracting orb actiother factors besides dFMR1 that inhibit the translation vation. Much like dFMR1, these proteins coimmunoof orb mRNA while it is in transit. 
